Abstract. An existing model of C and N dynamics in soils was supplemented with a plant growth submodel and cropping practice routines (fertilization, irrigation, tillage, crop rotation, and manure amendments) to study the biogeochemistry of soil carbon in arable lands. The new model was validated against field results for short-term (1-9 years) decomposition experiments, the seasonal pattern of soil CO2 respiration, and long-term (100 years) soil carbon storage dynamics. A series of sensitivity runs investigated the impact of varying agricultural practices on soil organic carbon (SOC) sequestration. The tests were simulated for corn (maize) plots over a range of soil and climate conditions typical of the United States. The largest carbon sequestration occurred with manure additions; the results were very sensitive to soil texture (more clay led to greater sequestration). Increased N fertilization generally enhanced carbon sequestration, but the results were sensitive to soil texture, initial soil carbon content, and annual precipitation. Reduced tillage also generally (but not always) increased SOC content, though the results were very sensitive to soil texture, initial SOC content, and annual precipitation. A series of long-term simulations investigated the SOC equilibrium for various agricultural practices, soil and climate conditions, and crop rotations. Equilibrium SOC content increased with decreasing temperatures, increasing clay content, enhanced N fertilization, manure amendments, and crops with higher residue yield. Time to equilibrium appears to be one hundred to several hundred years. In all cases, equilibration time was longer for increasing SOC content than for decreasing SOC content. Efforts to enhance carbon sequestration in agricultural soils would do well to focus on those specific areas and agricultural practices with the greatest potential for increasing soil carbon content.
Introduction
The United States, along with many other nations, is in the initial stages of developing national action plans to address the issue of possible climate changes driven by increasing concentrations of atmospheric greenhouse gases [e.g., USDS, 1992] . Current analysis suggests that a wide variety of mitigation actions will be required, with each nation developing a comprehensive strategy based on economic, ecological, and technological considerations appropriate to their specific circumstances. In almost every country some effort will be made to manipulate the terrestrial carbon cycle in ways that enhance the uptake of atmospheric CO2 (e.g., reforestation) or reduce emissions (e.g., reduce deforestation rates).
The soil carbon pool in agricultural lands will be a major consideration in future efforts to manage the terrestrial environment as a more effective carbon sink. Cultivation of Copyright 1994 by the American Geophysical Union.
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0886-6236/94/94GB-00767510.00 soils can typically result in a loss over time of ---30 % of the column organic carbon [Schlesinger, 1986] . The dynamics and magnitude of changes in soil organic matter resulting from various agricultural practices have been studied at many locations (e.g., see reviews by Campbell [1978] , Stevenson [1986] [Jenkinson, 1991] . A 70-year experiment on corn cultivation at Urbana, Illinois showed that crop rotation plus fertilization produced maximum crop yields and also maintained soil carbon at the highest levels [Odell et al., 1984] .
A systematic assessment of the roles agricultural lands currently play in the global carbon cycle and of the future potential to conserve and sequester carbon by changing agricultural practices requires an integrated program of biogeochemical modeling and field experimentation [Barnwell et al., 1992; Jackson, 1992] . A complementary application of such modeling and assessment research would focus on developing site specific understanding and predictions of the kinds of practices that can be used to maintain and sustain soil fertility. This agricultural application is especially important in light of observed declines in world per capita food production [Brown, 1993] . In this paper we apply the Denitrification-Decomposition (DNDC) model [Liet al., 1992a ,b] to studies of carbon dynamics in agricultural soils. We report the first test and validation studies of DNDC for soil carbon and a systematic study of the sensitivity of soil carbon to various agricultural practices under varied soil and climate conditions.
Structure of the DNDC Model
DNDC [Li et al., 1992a ] is a process-oriented simulation model of soil carbon and nitrogen biogeochemistry. The model contains four interacting submodels (Figure 1 ). The thermalhydraulic submodel uses soil physical properties, air temperature, and precipitation data to calculate soil temperature and moisture profiles and soil water fluxes through time. This information is fed to the denitrification submodel, the decomposition submodel, and/or the plant growth submodel. The denitrification submodel calculates hourly denitrification rates and nitrous oxide (N20) and dinitrogen (N2) production during periods when the soil has greater than 40 % water-filled pore space. The decomposition submodel calculates daily decomposition, nitrification, ammonia volatilization processes, and CO2 production (soil microbial respiration). The plant growth submodel calculates daily root respiration, N uptake by plants, and plant growth.
In DNDC, soil organic carbon (SOC) resides in four major pools: plant residue or litter, microbial biomass, humads (or active humus), and passive humus. Each pool consists of one or more subpools with different properties (Table 1 ). The daily decomposition rate for each subpool is regulated by the pool size, its specific decomposition rate (SDR) or fraction lost per day, the soil clay content, N availability, soil temperature and moisture, and depth in the soil profile. When SOC in each pool decomposes, its carbon will be partially transferred to another SOC pool, partially assimilated into microbial biomass and partially converted into CO2. Soluble carbon is produced as an intermediate product during decomposition and is immediately consumed by microbial biomass in the soil. Meanwhile, the decomposed nitrogen will be partially transferred with the decomposed carbon to the next SOC pool and partially mineralized I The DNDC Model I a SDR, specific decomposition rate.
to ammonium (NH4+), which is then subject to nitrification.
The free ammonium pool is in equilibrium with clay-adsorbed NH4 + pool and any dissolved ammonia (NH3) pool in the soil. The volatilization of NH 3 to the atmosphere is controlled by soil temperature and moisture and NH 3 concentration in soil water. When a rainfall occurs, free NH4 + and NO3-can be leached into deeper layers along with soil water flow, and denitrification processes are initiated (consuming NO3-). The concentration and distribution of NO 3' and NH4 + in the soil profile are major factors determining the nitrogen uptake rate by plants during the growing season. CO2 produced at any depth is assumed to flux to the atmosphere the same day that it is generated. There is no gas phase diffusion for CO2 in the model.
The thermal-hydraulic, decomposition, and denitrification submodels are described in detail by Li et al. [1992a] . The plant growth submodel is described below.
Modeling the Exchange of N and C at the

Soil/Plant Interface Nitrogen Uptake by Plants
In the DNDC model, nitrogen uptake by vegetation is the key process linking crop growth with climate and soil status. The daily N uptake rate is regulated by four factors: the crop potential maximum yield, the crop C :N ratio, the crop growth curve, and the availability of dissolved inorganic nitrogen (NO 3-and NH4 +) in the soil profile.
Crop potential maximum grain yield (PMGY) is defined as the optimum grain yield (kilograms carbon per hectare) of a crop growing with sufficient water and nitrogen (the model assumes all other nutrients and light are always in adequate supply). The PMGY value has increased historically on account of the development of crop varieties. Current PMGY values are derived from the literature for major crops including corn, soybean, winter wheat, spring wheat, barley, sorghum, alfalfa, nonlegume hay, cotton, and sugarcane (Table 2) . These yields are all based on field production data. A generalized crop grow curve [Watts and Hanks, 1978] Total crop biomass carbon resides in three pools: grain, roots, and the rest (stem, leaves, stalks, etc.). Crop biomass is partitioned into these pools, based on partitioning parameters (Table 2) , at the end of the growing season (specified harvest date). Throughout the growing season the model keeps track only of the total crop N uptake, so crop biomass carbon is calculated at harvest time as the product of actual annual N uptake and the fixed crop C:N ratio. The total biomass carbon is allocated to grain, straw/stalks, and roots (Table 2) . At harvest, all of the grain is removed from the soil/plant system, and all of the roots stay in the soil. The percent of straw/stalks left in the field after harvest is a harvest practice input parameter. If the roots in a certain model layer cannot get enough nitrogen to meet their potential demand, the roots in the next deeper layer will try to absorb more to meet the daily total N uptake demand. The actual daily N uptake is the sum of the daily uptake from all layers. Since each day's nitrogen demand is determined as the difference between the current plant nitrogen and that day's potential maximum nitrogen content, poor growth due to suboptimal conditions early in the season can be recovered by optimal conditions later. This recovery can occur right up to harvest; there is no stunting of plants in the model. The actual annual N-uptake is the sum of the daily uptake during the entire growing season.
Root Respiration
Root respiration is a result of three process: (1) root growth, (2) root maintenance, and (3) With disking, the soil is mixed from the surface to 12.5 cm. With mulching, residues are mixed into the soil surface layer and the rest of the soil is not disturbed [Young, 1982] . Any conventional or conservation tillage system can be constructed by a combination of these three activities.
In the DNDC model, once soil is plowed or disked, several changes take place in the disturbed soil layers: (1) the soil from the surface to 25 cm (plowing) or 12.5 cm (disking) is completely mixed; residues, microbial biomass, humads, and passive humus above the tilling depth are redistributed uniformly over the tilling depth; (2) decomposition rates of residues, microbial biomass, and humads are increased by three times (plowing) or one and a half times (disking) [Fox and Bandel, 1986] . The changes primarily reflect the changes in soil structure and aeration due to tillage [Erickson, 1982] . We assume that subsequent rainfall events will erase the effects of tillage. Tillage effects 2, 3, and 4 all last until the fourth subsequent rainfall event, at which point they stop. Tillage effect 5 (transferring from resistant to labile humads) is gradually reduced (12 % is transferred at the next rain, then 8 %, then 4%). If the soil is only mulched, the residues left after harvest are incorporated into the top soil layer, without disturbing the soil profile.
Fertilization
Ammonium, nitrate, urea, and anhydrous ammonia are the potential fertilizer inputs in the DNDC model. The depth of application can be set as a model input parameter. Fertilizer mixed into the soil immediately enters active nitrogen pools; solid fertilizer applied to the soil surface is considered inert until the next rain/irrigation event.
Ammonium fertilizer enters the free NH4 + pool to the depth of application and instantly redistributes into the clay-adsorbed NH4 + pool and dissolved NH 3 pool based on equilibrium partitioning constants [Li et al., 1992a] . Nitrate fertilizer enters the NO 3-pool to the depth of application. Urea enters the urea pool and is then hydrolyzed to NH4 +. The hydrolysis rate is regulated by urea concentration and soil pH. When anhydrous ammonia is injected into the soil, a fraction will directly volatilize into the atmosphere. The volatilization rate is regulated by anhydrous ammonia concentration and soil temperature. The rest of the anhydrous ammonia will enter the dissolved NH 3 pool and instantly reach equilibrium with the free NH4 + pool. The equilibrium is affected by NH 3 and NH4 + concentrations, soilpH, and temperature. In DNDC it is assumed that only free NH4 + and NO3-are available for microbial biomass and plants.
Manure Amendment
Manure sources include farmyard manure and green manure. According to Jenkinson [ 1990] , the composition of farmyard manure is equivalent to 65 % labile residue, 30 % resistant residue, and 5 % humads. Green manure is equivalent to fresh plant residue. Manure additions are directly added to these pools to the depth of application. Both the simulated results and the field data show that decomposition rates were very high initially but decreased rapidly during the following months (Figure 3) . At the end of one year more than 60% of the added wheat straw residue had decomposed. On the basis of monthly values of remaining undecomposed residue, observed decomposition rates were initially higher than model rates (months 1-3), then observed rates were lower than model rates (months 4-8), and then observed and model rates were roughly equivalent (months 9-12). Two possible explanations for the discrepancies in the first eight months are: (1) improper partitioning of the residue into very labile, labile, and resistant fractions (see Table 2 ); and (2) pool SDR rates that are not correct either for wheat straw and/or tropical soils (model parameters in Table 2 are derived from temperate region studies of a variety of crops and plants). However, to avoid requiring an inordinate amount of site specific data, all of the parameters (SDR values and partitioning coefficients) are constant for all crops and all soils. In addition, the results at the end of the fiscal year are quite similar for field study and model, so for annual and longer simulations these initial differences become much less significant. IN I,,,,,,,,,I,,,,,,,,,I,,,,,,,,,I,it,,, 
Sensitivity of Soil Carbon to Changing Climate, Soils, and Agricultural Practices
The sensitivity studies reported here were designed to illustrate how the DNDC model is used to evolve strategies for conserving and sequestering carbon in agricultural soils. The results reported here are primarily based on scenarios designed to study the response of soil carbon in corn (maize) plots to effects of changes in tillage, fertilization rates, manure amendment, and irrigation practices typical of those used in the United States. The SOC response to a change from one agricultural practice to another is simulated for a range of climate and soil conditions. The climate conditions used in our simulations reflect gradients equivalent to growing season conditions ranging from Maine to Florida [USDA, 1987] . The complete set of climate and soil conditions used as model inputs for sensitivity studies are listed in Table 3 . Certainly, there are some scenarios where corn plant growth is poor, and these conditions would not be representative ofareas where large-scale corn production takes place in the United States. However, these scenarios are often valuable for understanding the biogeochemical processes which influence organic carbon dynamics.
The agricultural practice scenarios used for our sensitivity analysis are described in Table 4 (Table 4) . The actual values of the net change in SOC storage, the crop residue pnxluction, and the total soil respiration for the one-year scenarios are listed in Table 5 .
Effect of Organic Amendments
It is not a surprise, but important to quantify, that by far the largest gains in SOC result from manure amendments ( Figure   9a ). Adding 2,000 kg C ha -i by manuring increased total SOC at the end of the year by approximately 1,450-3,100 kg C ha -1.
In 17 of the 21 scenarios rtm the manure amendments increased crop residue production sufficiently to produce a synergistic effect on carbon sequestration in the soil (i.e., sequestration greater than the added 2000 kg C ha-i). The most important (Table 5 ). In the case of soil texture a relatively rapid decline in decomposition rate occurs in finer grained soils compared to rates of change in residue production, raising net SOC increase in sandy clay and clay soils. At low initial SOC the increased fertilizer input is converted primarily into residue production with only a small effect on decomposition rates (Figure 9b , Table 5 ). These results are again compatible with the Rothamsted experiments which showed slightly higher SOC in fertilized plots compared to controls (Figure 8 ).
Effects of Changing from Conventional Tillage to No-Till
The magnitude of the SOC response to a change in tillage is relatively small except for sand and sandy loam soils where a substantial increase results from a change to no-till ( Figure  9c ). In these cases the residue production rates are similar, but decomposition rates are considerably higher in conventional tillage (Table 5) . These experiments also indicate that a shift from conventional to no-till agriculture may have little or no benefit for SOC sequestration at low levels of precipitation in clay soils or in low carbon soils. In every scenario run the decomposition rate of SOC is lower in the no-till environment, as would be expected since conventional plowing breaks down macroaggregates and aerates soil, enhancing decomposition [Elliott, 1986] . However, in clay soils with a low carbon content in an arid climate the release of nitrogen from decomposition stimulates residue production at rates that exceed the reduced rates of decomposition in the no-till comparison. It is important to keep in mind that no-till techniques impact other environmental considerations that are not being considered in this study. A significant limitation in DNDC which remains to be addressed is the lack of a capability for addressing physical erosion effects on C and N dynamics and processes. The test and validation results reported in this and previous DNDC papers involved sites with relatively little relief. Data from temperate zone agricultural experiment stations are preferred for model testing due to their long and well-documented records. However, they are also typically sited in optimal locations for agriculture. Food production systems worldwide frequently encroach on lands which are marginal for agriculture due to variable relief and significant erosion potential. A next step in the evolution of DNDC will involve coupling to a three-dimensional physical erosion and hydraulic transport submodel.
Long-Term Response of Soil Carbon
The DNDC simulations discussed above were designed to test short-term responses of soil carbon to changes in agricultural practices. Most farm operations vary considerably on timescales of 1-10 years due to changing market conditions, ownership, and in response to information from advisory services. One consequence of a dynamic agricultural operation is that soil properties determined by slower rate processes (e.g., decomposition) will seldom reach equilibrium. SOC sequestration might exhibit quite different short-versus long-term sensitivities to certain variables. To explore timescales required to reach equilibrium and the consequences of long-term continuity in agricultural practices on SOC sequestration, a set of 200-year DNDC simulations was run. For these simulations our standard climate and soil scenarios were used (Table 4 ). The 200-year climate was generated by repeating the one-year scenario. The effects of agricultural practices and initial SOC content on long-term equilibrium carbon content is illustrated in Figure   10 .
The most obvious long-term dynamic is the adjustment of each practice scenario to climate, independent of the initial SOC content over the range studied. The time to equilibrium for the baseline and enhanced fertilization cases is -200 years; the manure and no-till scenarios require an even longer period. These results also demonstrate that the success of a program to sequester atmospheric carbon in agricultural soils will depend on the specific climate condition and the initial SOC content.
The effects of variations in soil texture and temperature on long-term SOC content is illustrated in Figures 11 and 12 . The long-term equilibrium SOC increases with decreasing temperature and finer texture (i.e., clay). The time-to-equilibrium depends on both the magnitude and sign of the difference between the initial and equilibrium SOC contents. Typically, decomposition of excess soil carbon (above equilibrium) occurs more rapidly than sequestration of added carbon.
The influence of crop rotation shows the most pronounced impacts on long-term equilibrium SOC contents (Figure 13) 
Summary and Implications
The U.S. National Action Plan for Global Climate Change includes recommendations for changes in agriculture. Conservation reserve and conservation tillage programs are emphasized [USDS, 1992] . Our DNDC sensitivity studies indicated that, while reducing tillage often (but not always) did enhance carbon storage in the soil (and thus mitigate increasing atmospheric CO2), the magnitude of the enhancement was highly dependent on soil and climate conditions ( for short-term carbon losses or gains. Short-term field studies may be insensitive to the effects of long-term, climate-driven processes.
